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要  約 
The measurement and the characterization of the surface profile of microstructued roll workpieces are becoming crucial to 
modern precision industries. The microstructued roll workpieces have advantages of a miniaturized size and a high accurate 
topography. Typtical applications of microstructued roll workpieces are: i micro gears for the power transmission, ii microstructured 
surface encoder for position measurement, iii master roll workpiece with microstructured patterns for the mass replication of 
microstructures. The workping performance of mechanisms and systems which are equipped with microstructured roll workpieces as 
functional components are primarily determined by the accuracy of the surface profile of the microstructured roll workpiece. 
Therefore, the surface profile measurement is used as an essential method for the quality control of components of the microstructured 
roll workpieces. Moreover, it is also can used by manufactures for achieving higher machining accuracy. 
Commercially-available profile measuring instruments are primarily classified into five categories. They are coordinate 
measuring machines (CMMs), mechanical stylus profilers, scanning probe microscopes (SPMs), scanning electron microscopes 
(SEMs) and optical profilers. The CMMs are very effective tools for the profile inspection of workpieces, because the CMMs have no 
limit about the maximum detectable slope and can be easily operated. Ruby ball probes are usually equipped by the CMMs. The tip 
radius of the ruby ball probe is limited to hundreds of micrometers. Therefore, the applicability of the CMMs is affected by the 
curvature radius of the ruby ball probe. The microstructured roll workpieces have concave parts which should be measured. In these 
concave parts, the width and the depth of the space allowed for the probe are in the range from tens of micrometers to hundreds of 
micrometers. Therefore, for the surface profile measurement of the microstructured roll workpieces, the probe of the CMM cannot 
access the measured surface. Even if it barely accessed the measured profile, amount of immeasureable area, of which the curvature 
radius is smaller than probe tip, would occur. Mechanical stylus profilers are other type of robust instruments for the profile inspection 
of workpieces. They have merits of a large measurement range and a small measurement resolution of sub-nanometers. The typical 
measuring force of the mechanical stylus profilers is 1 mN. Generally, the mechanical stylus profilers employ a conical type of a 
diamond-tipped stylus, of which the tip radius can be reduced to be micrometers even sub-micrometers. The included angle of the 
diamond-tipped stylus is 90 degrees or 60 degrees. That means the maximum detectable slope of the mechanical stylus profilers is 45 
degrees or 60 degrees. However, the maximum local slope of the microstructured roll workpieces is up to 70 degrees even 90 degrees, 
which is challenging the measurement capability of the mechanical stylus profiler. Furthermore, experiments have confirmed that 
while the microstructured roll workpiece is measured by the mechanical stylus profiler, a phenomenon of the stylus jumping motion 
and the kinematic interference between the stylus flank and the measured profile would appear and result in unacceptable distortions 
for the measurement. SPMs represented by atomic force microscopes (AFMs), which have extremely high spatial resolutions of 
sub-nanometers, are popular measurement instruments among the semiconductor industry. The AFMs usually employ piezoelectric 
actuators as a scanner and a micro-electro-mechanical-systems (MEMSs) based micro stylus with a tip radius of nanometers. 
Therefore, the vertical and the horizontal measurement ranges are limited in tens of micrometers, which are not satisfy the requirement 
of the surface profile measurement of the microstructured roll workpieces. The SEMs employs fine beam of electrons to scan the 
specimen. Backscattered electrons generated by the measured specimen are collected, amplified and analyzed. The output of the SEM 
measurement result is a two-dimensional image with a much higher horizontal resolution than optical instrument. The measurement 
range of the SEMs is relatively larger than the SPMs and the optical instruments. However, the SEMs are essentially a 
two-dimensional technique, although the vertical dimension information is given by gradient colors obtained by specialized 
algorithms. Therefore, the SEMs usually employed to observe not quantitative measure the surface profile of the measurement 
specimen. Typical optical surface profilers consist of confocal microscopes, autofocus microscopes and white light interferometers 
and are characterized by nondestructive to the measurement specimen. However, their maximum detectable slopes are limited 15 
degrees and 30 degrees for the auto focus microscopes and white light interferometers, respectively. Although the maximum 
detectable slope of the confocal microscope is up to 75 degrees, it is also not proper to measure the surface profile of microstructure 
arrays with steep local slopes. Therefore, the optical surface profilers are generally used the measurement specimen with a relative 
smoother surface. Moreover, the optical surface profilers are much effective to detect the planar surface, because the optical surface 
profilers employ planar scanners. 
In this dissertation, for precision profile measurement of microstructured roll workpieces, two rotary measuring systems, which 
primary consist of an air-bearing displacement sensor, a diamond-tipped micro stylus probe and a precision spindle/an air-bearing 
spindle, and advanced measurement strategies have been proposed. In the research, the rotary measuring system based on the 
precision spindle has been applied on the surface profile measurement of a roll workpiece with external microstructures. By 
introducing the wavelet analysis method, the error components, which influence the measurement precision, have been indentified out. 
For enhancing measurement accuracy, methods of setting error compensation and probe tip radius correction have developed and 
investigated by simulations. An ultra-precision rotary measuring system, which is based on an air-bearing spindle, also has been 
constructed. Roll workpieces with internal microstructures and external microstructures have been measurement by the two rotary 
measuring systems; and measurement results have been compared and analyzed. In order to quantitatively describe the measurement 
accuracy of the two measurement systems, a gear-shaped master artifact has been employed as a specimen for pitch deviation 
measurement, which is based on the surface profile measurement of the gear-shaped master artifact. The measurement accuracies of 
the two measurement system have been calibrated by experiments as well as a theory analysis. 
In Chapter 1, general backgrounds and motivations have been described for the precision profile measurement of microstructured 
roll workpieces. Then, reviews of the conventional measurement methods and their characteristics have been presented and analyzed. 
Aims of this research and the approaches for achieving the goals have been given out at last. 
In Chapter 2, the rotary measuring system based on a precision spindle has been constructed and applied on the surface profile 
measurement of a microstructured roll workpiece. The measuring force of the system is smaller than 0.45 mN; the maximum 
detectable surface slope of that is up to 80 degrees; and the angular positioning resolution is 0.15 arc-second. Regarding the measured 
microstructured roll workpiece, the nominal pitch of the microstructures is 100 μm, the nominal amplitude of that is 50 μm and the 
maximum local slope of that is 70 degrees. In order to confirm advantages of the constructed measurement system, the specimen also 
has been measured by two commercially-available measurement systems, which are a mechanical stylus surface profiler and a 
scanning type confocal microscopy. Measurement results of the constructed rotary measurement did not show noticeable noises and 
distortions, which could be observed in the measurement results of the two commercially-available measurement systems. Results of 
data analysis have shown that the repeatability accuracy of the system is related to the rotational scanning speed of the direct drive 
motor. The measurement repeatability errors of the system were approximately ±200 nm, ±300 nm, and ±400 nm for the rotation 
speeds of 0.1 rpm, 0.2 rpm and 0.3 rpm, respectively. The maximum repeatability errors occurred when the stylus probe was 
ascending the microstructures. The wavelet analysis method, which has a capability to indentify the frequency feature of signals in 
time domain, has been introduced to analysis the repeatability error. It has been confirmed that the main components of the 
repeatability errors have a frequency features of 50-51Hz, 71-73 Hz and 106-109 Hz. 
In Chapter 3, setting errors, which primary consist of the offset error of the sensor axis, the zero point error of the sensor output and 
the eccentric error, have been considered deeply influence the measurement accuracy. Corresponding geometrical model and 
mathematical model have been established. The detection method and the compensation method have been proposed for the setting 
errors. Accuracy of the setting error compensation has been investigated by simulation and confirmed to be smaller than 10 nm. 
Another type error caused by the probe tip radius also has been analyzed. A 1st linear fitting method has been proposed to correct it. 
The correction accuracy has been confirmed to be smaller 3 nm for the errors of the probe tip radius. Based on the methods to detect 
and compensate the setting errors and the method to correct the errors of the probe tip radius, the advanced measurement strategy has 
proposed for the surface profile measurement of microstructured roll workpieces. 
In Chapter 4, an ultra-precision rotary measuring system based on an air-bearing spindle has been constructed for the surface profile 
measurement of microstructured roll workpieces.  For clarity, the angular positioning resolution is reduced to 0.0086 arc-second, 
which is about 1/18 of the previous one. A roll workpiece with external microstructures and a roll workpiece with internal 
microstructures have been measured by this rotary measurement systems based on the measurement strategy proposed in Chapter 3. 
Measurement results have shown that measurement repeatability is smaller than 200 nm for the roll workpiece with external 
microstructure and smaller than 180 nm for the roll workpiece with internal microstructures. 
In Chapter 5, a gear-shaped master artifact, of which the nominal amplitude is about 4 mm and the maximum local slop is 90 
degrees, has been employed as a measurement specimen to evaluate two proposed rotary measurement systems. The measurement 
target has been set to be the single pitch deviations and the cumulative pitch deviations. The pitch measurement strategy is based on 
the surface profile measurement of the gear-shaped master artifact. An opposite-direction dual scanning method, which has a 
capability to overcome the limit of 80 degrees detectable angle, has been developed for the surface profile measurement of the 
gear-shaped master artifact. For the surface profile measurement of the master artifact, the measurement repeatability is ±2.5μm for 
the rotary measuring system constructed in Chapter 2, and the measurement repeatability is ±300nm for ultra-precision rotary 
measuring system. The measurement results of the pitch deviations obtained by two rotary measurement systems have deviations in 
range of 0.12 μm to 1.49 μm, which line in error allowance indicated by their corresponding measurement uncertainties. For the rotary 
measurement system based on a direct drive motor, the calibrated uncertainties are 1.21 μm, 1.05 μm, 2.99 μm and 2.55 μm for the 
left flank and the right flank of the single pitch deviations and cumulative pitch deviation, respectively; and those values are 0.25 μm 
and 3.14μm in the theory analysis. For the rotary measurement system based on an air-bearing spindle, the calibrated uncertainties are 
0.96 μm, 1.12 μm, 1.91 μm and 2.05 μm for the left flank and the right flank of the single pitch deviations and cumulative pitch 
deviation, respectively; and those values are 0.05 μm and 0.39 μm in the theory analysis. These results have implied that the 
air-bearing spindle based rotary measuring system has good measurement accuracy and measurement precision that the other one. 
In Chapter 6, conclusions and achievements of this thesis are discussed. 
